2005). C. albicans is uniquely adapted to mammalian commensalism, yet has the ability to filament and cause virulence as an opportunistic pathogen (Dujon 2010 ). While C. albicans and the model yeast Saccharomyces cerevisiae share a large number of predicted genes overall, there are significant differences in their genomes, including differences in size, ploidy, codon translation, and gene family expansions (Dujon 2010) . Notably, it has become evident that nonhomologous genes in these yeasts have convergent functions, and similar orthologs have divergent functions with a remarkable degree of transcriptional re-wiring evident (Whiteway et al. 1992) . Even minor differences, such as in yeast secretion, which is highly conserved in eukaryotic cells, lead to distinctly different phenotypes (Delic et al. 2013 ). The exocyst complex, which has been extensively studied in S. cerevisiae, is an evolutionarily wellconserved octameric complex involved in the final stages of secretion. Exocyst subunits and related proteins involved in exocytosis are well conserved among filamentous fungi; however, there is increasing evidence of distinct functional roles of exocyst subunits in C. albicans that are related to virulence, unveiling the complex nature of this fungal pathogen.
Polarized secretion is the key cellular process by which secretory cargo is transported in vesicles and directed to specific sites in the plasma membrane to facilitate fundamental cellular functions such as cell growth, morphogenesis, and cytokinesis (Heider and Munson 2012) . Processes such as the asymmetric formation of a yeast bud prior to mitosis and cytokinesis to produce a daughter cell, formation of hyphae in response to environmental stimuli, and delivery of basolateral and apical proteins in a mammalian intestinal epithelial cell are all dependent on polarized secretion (Heider and Munson 2012; TerBush et al. 1996) . The final stages of secretion that lead to exocytosis, depend Abstract The exocyst is an octameric complex that orchestrates the docking and tethering of vesicles to the plasma membrane during exocytosis and is fundamental for key biological processes including growth and establishment of cell polarity. Although components of the exocyst are well conserved among fungi, the specific functions of each component of the exocyst complex unique to Candida albicans biology and pathogenesis are not fully understood. This commentary describes recent findings regarding the role of exocyst subunits Sec6 and Sec15 in C. albicans filamentation and virulence.
Commentary
Candida albicans is an important opportunistic fungal pathogen, and is the fourth most common cause of bloodstream infections in hospitalized patients in the U.S. (Hidron et al. 2008; Morgan et al. 2005) . Invasive candidiasis is responsible for substantial morbidity and mortality (Morgan et on fusion of late secretory vesicles to the plasma membrane which is regulated by the exocyst complex (TerBush et al. 1996) . This octameric complex mediates tethering of late secretory vesicles to the plasma membrane, followed by membrane fusion enabled by assembly and disassembly of a SNARE complex (Novick et al. 1981) . In S. cerevisiae, the exocyst is encoded by SEC3, SEC5, SEC6, SEC8, SEC10, SEC15, EXO70, and EXO84 (Hsu et al. 2004) .
Proper localization of the exocyst is dependent on SEC3 in an actin independent manner (Luo et al. 2014) . Exo70 also contributes to exocyst localization in a partially actindependent manner, and the association of Sec3 and Exo70 is thought to be responsible for proper localization of the remainder of the exocyst complex (Boyd et al. 2004 ). Recruitment of Sec3 and Exo70 is dependent on PI(4,5) P 2 (phosphatidylinositol 4,5-bisphosphate) in the plasma membrane, and regulatory proteins Cdc42 and the Rho1 GTPase (Boyd et al. 2004) . Vesicle fusion to the plasma membrane is then mediated by binding between specific pairs of cognate v-SNAREs and t-SNAREs on the vesicle and target membranes (Marash and Gerst 2001) . Rab GTP-binding proteins are required to facilitate formation of v-SNARE/t-SNARE complexes (Marash and Gerst 2001) . The t-SNAREs Snc1/2 and the v-SNAREs Sso1/2 each contribute to one helix, whereas the v-SNARE Sec9 contributes to two helices to the SNARE complex (Marash and Gerst 2001; Sutton et al. 1998) . Tethering of the vesicle to the exocyst occurs first and is required for subsequent SNARE assembly, which then permits the fusion of the vesicle and target membranes to permit final exocytosis (Sutton et al. 1998) . The exocyst component Exo84p also interacts directly with Sro7, which binds to and activates the t-SNARE Sec9 (Hattendorf et al. 2007) . Exocytosis is profoundly defective in S. cerevisiae sro7 temperature-sensitive mutants. Sro7 likely functions directly in late secretion by interacting with the activated (GTP-bound) form of Sec4, thereby providing a functional link between vesicle arrival and assembly of the SNARE complex (Hattendorf et al. 2007) .
Previous studies have emphasized the importance of exocyst components in C. albicans cell biology. Mutants of the C. albicans exocyst display distinct phenotypes, including defects in biofilm formation, filamentation and secretion (Fig. 1) . A C. albicans sec3 null mutant exhibited increased cell size and was unable to maintain tip growth after assembly of the first septin ring (Li et al. 2007) . Conditional mutants lacking EXO84 were inviable after 24 h under repressing conditions; prior to cell death, mutant cells were enlarged and contained multiple nuclei. When mutants were grown on filamentation-inducing media, pseudohyphal growth was predominant in this conditional mutant (Caballero-Lima and Sudbery 2014). We have recently studied the role of several C. albicans exocyst-related SNARE complexes. We demonstrated that the t-SNARE proteins Sso2 and Sec9 contribute to filamentation and required for aspartyl proteinase and lipase secretion (Bernardo et al. 2014) . Filamentation is a multifactorial process that involves the orchestrated supply of secretory vesicles for polarized growth and hyphal expansion; postGolgi vesicles travel to the hyphae along actin cables that become nucleated at the sites of polarized growth, a process that is facilitated by the polarisome, Spitzenkörper and the exocyst complex prior to fusion with the plasma membrane. Interestingly, the C. albicans Spitzenkörper dissipates in the absence of Sso2 (Bernardo et al. 2014) , emphasizing the importance of this t-SNARE protein in C. albicans filamentation.
We next studied the role of SEC6 and SEC15 in C. albicans secretion and filamentation. We constructed two tetracycline regulatable strains, tetR-SEC6 and tetR-SEC15. Strain tetR-SEC6 grown under repressing conditions had readily apparent defects in cytokinesis and endocytosis, and accumulated both post-Golgi secretory vesicles and structures suggestive of late endosomes (Chavez-Dozal et al. 2015a, b) . Strains tetR-SEC6 and tetR-SEC15 were both markedly defective in secretion of aspartyl proteases and lipases (Chavez-Dozal et al. 2015a, b) . In the tetR-SEC6 strain there was aberrant localization of chitin at the cell septum, and increased resistance to zymolyase and chitinase activity, suggesting that C. albicans Sec6 plays an important role in mediating trafficking and delivery of cell wall components. The tetR-SEC6 mutant was also defective in macrophage killing, indicating a role of SEC6 in C. albicans virulence (Chavez-Dozal et al. 2015a, b) . Lack of SEC6 expression resulted in substantially reduced lateral hyphal branching, which requires the establishment of a new axis of polarized secretion; surprisingly, lack of SEC15 resulted in a hyper-branched phenotype (ChavezDozal et al. 2015a, b) . Taken together, these studies indicate that the late secretory proteins Sec6p and Sec15p are required for polarized secretion and hyphal morphogenesis in C. albicans.
Given this direct contrast in hyphal branching phenotypes, we further studied the localization of Mlc1-GFP (marking the Spitzenkörper), Spa2-GFP (marking the polarisome), and Exo70-GFP (marking the exocyst) in the tetR-SEC15 and tetR-SEC6 mutants during filamentation (Chavez-Dozal et al. 2015a, b) . The current model for polarized secretion in S. cerevisiae indicates that exocyst subunits travel to the plasma membrane via secretory vesicles that are transported along with actin cables. In the model proposed by Jones and Sudbery, during C. albicans polarized secretion in hyphal formation, a stream of vesicles arrive at the tip of the hyphae and accumulate in the Spitzenkörper; vesicles are then recruited by the polarisome and transported to cell surface where they dock with the exocyst (Jones and Sudbery 2010) . In C. albicans hyphal growth, Mlc1-GFP is visualized as a subapical spot just behind the advancing tip of the hyphae, whereas Spa2-GFP and Exo70-GFP localize to a crescent at the hyphal tip. In the tetR-SEC6 mutant, Mlc1-GFP, Spa2-GFP and Exo70-GFP displayed wild-type localization, whereas all of these structures were mislocalized in the tetR-SEC15 mutant. Moreover, upon alleviation of SEC15 gene repression, localization of Mlc1-GFP, Spa2-GFP, and Exo70-GFP was recovered in a sequential manner. Specifically, Mlc1-GFP recovered wild-type localization at 5 min, Spa2-GFP recovered after 10 min, and Exo70-GFP recovered after 15 min (Chavez-Dozal et al. 2015a, b) , revealing unique cellular dynamics of these key secretory structures.
These studies of SEC6 and SEC15 have led to some interesting findings that remain unexplained. It is not clear why the tetR-SEC6 and tetR-SEC15 mutant have differing phenotypes in hyphal branching and Spitzenkörper, polarisome, and exocyst localization. These experiments, however, were not able to definitively exclude the trivial explanation that transcript and/or protein dynamics were responsible for these apparently contrasting hyphal phenotypes. Specifically, since the tetR-SEC15 mutant became inviable at a much earlier time point than the tetR-SEC6 mutant, these differences in filamentation may simply be due to differences in exocyst kinetics rather than specific differences in subunit function. It is also possible that the slow depletion of SEC6 RNA may permit time for a compensatory response in cell wall integrity to occur, whereas the loss of SEC15 RNA occurs much more rapidly and thus there could be insufficient time for a compensatory response to occur. Alternatively, there may be as of yet undefined compensatory proteins that assist the tetR-SEC6 mutant in maintaining proper filamentation. Of great interest is the kinetics of Spitzenkörper, polarisome, and exocyst localization in the setting of loss of SEC15 expression and subsequent recovery. Presumably, given the rapidity of localization recovery, the key proteins for these structures remain present and readily accessible near the hyphal tip; when SEC15 expression resumes, these proteins then re-assemble in a sequential, coordinated fashion. The mechanisms of interactions between components of Spitzenkörper, polarisome, and exocyst with Sec15 remain unknown, and are the subject of further investigation in our laboratory.
While the exocyst complex is evolutionarily conserved in eukaryotic cells, these studies provide an initial glimpse
R E T R A C T E D A R T I C L E
of potential pathogen-specific roles of the exocyst in the polymorphic fungus C. albicans.
